Lytic polysaccharide monooxygenases (LPMOs) are a group of recently discovered enzymes that play important roles in the decomposition of recalcitrant polysaccharides. Here, we report the biochemical, structural, and computational characterization of an LPMO from the white-rot fungus Heterobasidion irregulare (HiLPMO9B). This enzyme oxidizes cellulose at the C1 carbon of glycosidic linkages. The crystal structure of HiLP-MO9B was determined at 2.1 A resolution using X-ray crystallography. Unlike the majority of the currently available C1-specific LPMO structures, the HiLPMO9B structure contains an extended L2 loop, connecting bstrands b2 and b3 of the b-sandwich structure. Molecular dynamics (MD) simulations suggest roles for both aromatic and acidic residues in the substrate binding of HiLPMO9B, with the main contribution from the residues located on the extended region of the L2 loop (Tyr20) and the LC loop (Asp205, Tyr207, and Glu210). Asp205 and Glu210 were found to be involved in the hydrogen bonding with the hydroxyl group of the C6 carbon of glucose moieties directly or via a water molecule. Two different binding orientations were observed over the course of the MD simulations. In each orientation, the active-site copper of this LPMO preferentially skewed toward the pyranose C1 of the glycosidic linkage over the targeted glycosidic bond. This study provides additional insight into cellulose binding by C1-specific LPMOs, giving a molecular-level picture of active site substrate interactions.
Lytic polysaccharide monooxygenases (LPMOs) are a group of recently discovered enzymes that play important roles in the decomposition of recalcitrant polysaccharides. Here, we report the biochemical, structural, and computational characterization of an LPMO from the white-rot fungus Heterobasidion irregulare (HiLPMO9B). This enzyme oxidizes cellulose at the C1 carbon of glycosidic linkages. The crystal structure of HiLP-MO9B was determined at 2.1 A resolution using X-ray crystallography. Unlike the majority of the currently available C1-specific LPMO structures, the HiLPMO9B structure contains an extended L2 loop, connecting bstrands b2 and b3 of the b-sandwich structure. Molecular dynamics (MD) simulations suggest roles for both aromatic and acidic residues in the substrate binding of HiLPMO9B, with the main contribution from the residues located on the extended region of the L2 loop (Tyr20) and the LC loop (Asp205, Tyr207, and Glu210). Asp205 and Glu210 were found to be involved in the hydrogen bonding with the hydroxyl group of the C6 carbon of glucose moieties directly or via a water molecule. Two different binding orientations were observed over the course of the MD simulations. In each orientation, the active-site copper of this LPMO preferentially skewed toward the pyranose C1 of the glycosidic linkage over the targeted glycosidic bond. This study provides additional insight into cellulose binding by C1-specific LPMOs, giving a molecular-level picture of active site substrate interactions.
Introduction
Lytic polysaccharide monooxygenases (LPMOs) are a class of copper-dependent enzymes that use an oxidative mechanism to cleave natural polysaccharide substrates, such as cellulose, xylan, xyloglucan, glucomannan, mixed-linkage b-glucan, chitin, and starch [1] [2] [3] [4] [5] . LPMO-encoding genes have been discovered in the genomes of a wide range of microorganisms, including fungi and bacteria [6, 7] . LPMOs are classified into Five auxiliary activity families (AA9, AA10, AA11, AA14 and AA13) in the carbohydrate-active enzymes database (CAZy) [8] . Fungal LPMOs are mostly found in family AA9, and LPMOs produced by bacteria belong to AA family 10, as defined today [8] . In nature, LPMOs have been identified in the secretomes of both ascomycete and basidiomycete fungi during growth on woody biomaterials, indicating the importance of LPMOs for the decomposition of lignocellulosic biomass by these fungi [9] [10] [11] . However, the exact role and mechanism by which LPMOs aid in lignocellulosic biomass deconstruction remains largely unknown. Many fungal AA9 LPMOs appear to release oxidized glucans from crystalline cellulose substrates [1, [12] [13] [14] , but it has also been suggested, through the application of advanced microscopy techniques, that some AA9 LPMOs could either disrupt the morphological structure of cellulose nanofibers or introduce oxidative cleavages on the crystalline region of the cellulose surface [15, 16] . Additionally, AA9 LPMOs act synergistically with glycoside hydrolases to decompose cellulose to glucose monomers [12, 14] . These unique oxidative cleaving activities exhibited by AA9 LPMOs on the crystalline cellulose surface are thought to increase substrate accessibility for other glycoside hydrolases and, thereby, improve the overall conversion efficiency [17] [18] [19] [20] .
It is generally believed that LPMOs catalyze the oxidative cleavage of linkages in polysaccharides by employing an external electron source and molecular oxygen [2, 21, 22] or by using hydrogen peroxide as cosubstrate [23] . The proposed mechanisms suggest that the active-site copper mediates the addition of a single oxygen onto the C1 or C4 carbon of the bond, which leads to its breakage and the formation of aldonic acids or 4-ketoaldoses, respectively [21, 24, 25] . Previous biochemical and structural characterization studies have revealed that different types of AA9 LPMOs differ substantially in substrate specificity and structural features [18, 19, 26, 27] . For LPMOs that specifically carry out oxidization at the C1 carbon of the pyranose ring (C1-specific LPMOs), only oxidative cellulolytic activities have been reported [1, 13, 21, 28, 29] . Activities against hemicellulosic substrates have also been reported but have mainly been found in LPMOs able to oxidize at the C4 position, including C4-specific (oxidize at C4) or C1/C4-active (oxidize at both C1 and C4) LPMOs [4, 5, 30, 31] .
To date, all solved AA9 LPMO structures share a conserved b-sandwich architecture with the copper active site located on a flat surface, while the local conformation of loop regions varies among different types of AA9 LPMOs [26, 27] . To understand structure-function relationships in AA9 LPMOs, it is necessary to investigate the interactions between each LPMO subclass and their substrates.
However, elucidating LPMO-substrate interactions at the molecular level remains a significant challenge, as the most common AA9 LPMO substrate is insoluble cellulose [18] [19] [20] 27, 32] . Accordingly, previous investigations of LPMO-substrate interactions have focused on LPMOs active on soluble polysaccharides [5, 33, 34] . As determined by NMR spectroscopy, soluble b-glucan substrates appeared to interact with the active site located on the flat surface of the C4-specific Neurospora crassa NcLPMO9C [33] . This finding was later confirmed upon the solution of the first LPMOsubstrate structure, wherein the Lentinus similis LPMO9A (LsLPMO9A) complexed with cello-oligosaccharide ligands (cellotriose and cellohexose) confirmed that the substrates bound to the proposed surface region by both hydrophobic interactions and hydrogen bonds [34] . Recently published crystal structures of LsLPMO9A in complex with various types of hemicellulosic oligosaccharide ligands provided further molecular-level evidence by which we can begin to understand the broad substrate specificity of AA9 LPMOs [5] .
The enzyme-substrate interactions of C1-specific LPMOs have been investigated to a lesser extent than C4-specific LPMOs. The limited solubility of the preferred substrates of C1-specific LPMOs makes it a particularly difficult task to obtain crystallographic enzyme-ligand complexes or perform spectroscopic experiments. The substrate interaction between a C1-specific LPMO and cellulosic substrates was first investigated using computational modeling and simulation, which revealed that three aromatic residues on the flat surface of the C1-specific Phanerochaete chrysosporium LPMO9D (PcLPMO9D) may play important roles in enzyme binding on the cellulose surface [35] , yet comparison of all hitherto solved C1-specific structures highlights the apparent diversity in the distribution of aromatic residues on the suggested substrate-binding surface [12, 29, 35, 36] . It, therefore, raises the question as to whether the aromatic residue-mediated LPMO-cellulose binding is a universal feature of C1-specific LPMOs or not, motivating the need to further characterize the enzyme-substrate interactions of individual C1-specific LPMOs.
Here, we report the structural, biochemical, and computational characterization of a new C1-specific AA9 LPMO from the white-rot fungus Heterobasidion irregulare (HiLPMO9B), adding to our understanding of structure-function relationships of these enzymes. HiLPMO9B was heterologously expressed in the methylotrophic yeast Pichia pastoris, followed by biochemical characterization. HiLPMO9B displayed catalytic activity on insoluble cellulose, strictly oxidizing at the C1 position. The protein structure of HiLP-MO9B was determined by X-ray protein crystallography, and molecular dynamics (MD) simulations were conducted to investigate the molecular-level interaction of HiLPMO9B with the cellulose chains of an insoluble cellulose Ib microfibril model substrate. Based on our simulation results, we describe the residues putatively involved in HiLPMO9B substrate binding. Correlations between the simulated active-site dynamics on cellulose and the biochemical regioselectivity of HiLPMO9B are discussed.
Results
HiLPMO9B expression in P. pastoris HiLPMO9B was based on the amino acid sequence predicted to have two N-glycosylation sites (Asn133 and Asn214) and one O-glycosylation site (Ser186). The HiLPMO9B protein, heterologously expressed in P. pastoris and deglycosylated with endo-b-N acetyl glucosaminidase (endoH, EC 3.2.1.96), appeared as a single protein band with an estimated molecular weight of 27 kDa, as determined by SDS/PAGE (Fig. 1) ; the molecular weight is slightly larger than the predicted molecular weight of 23.8 kDa. Further digestion with a-mannosidase did not lead to any further reduction in molecular size, which is probably due to the presence of multiple types of O-linked glycosylations as the result of heterologous protein expression in P. pastoris. A 98% purity of the target protein was reached (as estimated by SDS/PAGE) after purification. This purified protein was used to determine enzyme activity of HiLPMO9B and carry out crystallization trials with the protein.
Enzyme activity of HiLPMO9B
High-performance anion-exchange chromatography (HPAEC) analysis showed that C1-oxidized cellooligosaccharides (degree of polymerization of 2 to 9, DP 2-9) were generated following incubation of HiLPMO9B with phosphoric acid swollen cellulose (PASC) in the presence of ascorbic acid. These oligosaccharides were detected as an array of elution peaks with retention times ranging from 18.6 to 26.9 min on the HPAEC chromatogram (Fig. 2) . Matrix-assisted laser desorption ionization time-offlight mass spectrometry (MALDI ToF MS) analysis of the enzyme products showed that the oxidized products were mainly sodium salts of the sodium adducts [M-H + 2Na] + , which are the typical adduct forms of C1-oxidized aldonic oligosaccharides (Fig. 2 ). Minor peaks with masses corresponding to the lactone form ([M-2H + Na] + ) were also detected in the mass spectra.
Structural analysis of HiLPMO9B
HiLPMO9B was crystallized in space group P2 1 with two molecules in the asymmetric unit and with approximate unit cell dimensions of a = 54 A, b = 46 A, and c = 87
A, and a b angle of 103°. Data collection and refinement statistics are summarized in Table 1 .
Consistent with previously determined AA9 LPMO structures, HiLPMO9B shows an overall b-sandwich architecture formed from two b-sheets, in which the bstrands are interconnected by several extended loops (Fig. 3A) . Within the loop regions, there are four 3 10 helices (g1 on L2; g2 on the loop that connects b6 and b7; g3 and g4 on the LC loop). There is only one a-helix (a2 on LS) found in the entire structure (Fig. 3A) . A copper ion was found bound on the flat substrate-binding surface, coordinated by the residues His1, His80, and Tyr 166 (Fig. 3B) . The copper-binding plane is composed of the N-terminal amine, the Nd1 of His1, and the Ne2 of His80. One of the axial coordination positions is occupied by the phenolic oxygen of Tyr167 (Fig. 3B) . Two glycerol molecules (GOL309 and GOL310) were modeled in the electron density in the vicinity of the active-site copper since glycerol was used for cryoprotection. These two glycerol molecules appear to interact with the active-site Cu ion via the hydroxyl oxygen atoms.
Alignment of structurally determined AA9 LPMOs of different subgroups of the AA9 family revealed the loop regions located on the substrate-binding surface (including loop L2, L3, and L8) as the most variable regions (Fig. 4) . Residues within these loop regions have previously been observed to interact with cellulosic substrates, as determined by either crystallographic or computational approaches [5, 34, 35] . Compared to some of the C1-specific LPMO structures (NcLPMO9F, PcLPMO9D, and TtLPMO9E), the L2 loop of HiLPMO9B is extended with an insertion of 10 amino acids (Fig. 4) . A similar insertion was also found in another C1-specific AA9 LPMO structure, MtLPMO9G (also known as MtPMO3* [29] ) (Fig. 4) . Unlike C1/C4-active AA9 LPMO structures (e.g., NcLPMO9M [38] , TaLPMO9A [39] , and TrLPMO9B [40] ) that contain extended L2 loops, there were no helices present on the L2 loops in either one of the HiLPMO9B and MtLPMO9G structures (Fig. 4) . The length of the L3 loop in the HiLPMO9B structure, like Values for the highest resolution shell are given in parentheses.
, where I i (hkl) is the intensity of the i th measurement of an equivalent reflection with indices hkl and <I(hkl)i> is the mean intensity of I i (hkl) for all i measurements. b CC1/2 is the correlation coefficient between two random half
where F o and F c are the observed and calculated structure factors. c R free was calculated using 5% of the data. d Calculated using a strict boundary Ramachandran definition given by Kleywegt and Jones [37] .
other C1-specific LPMOs and some C1/C4-active LPMOs [38] [39] [40] , is shorter compared to those C4-specific AA9 LPMO structures solved to date [41] [42] [43] (Fig. 4) . The crystallographic structure of LsLPMO9A in complex with cellopentaose revealed that the enzyme-substrate interaction is mediated by hydrogen bonds formed between a series of charged or nonaromatic polar residues on the surface loops and the hydroxyl groups on the pyranose ring of the glucose moieties of the substrate [5] (Fig. 4) . Notably, the ligand coordinating residues in the LsLPMO9A complex structure are either missing or replaced by aromatic residues in the structure of HiLPMO9B, with the exception of the highly conserved glutamine residue Gln168 found on the L8 loop in HiLPMO9B.
Previous computational simulations have shown that three aromatic residues on the loop regions of substrate-binding surface (Tyr20 on the L2 loop, Tyr75 on the L3 loop, Tyr207 on the LC loop) appear to contribute considerably to the binding of the C1-specific PcLPMO9D onto the surface of cellulose Ib [35] . An asparagine residue within the LC loop (Asn-199) was also found to be involved in the substrate interaction, although to a lesser extent in terms of binding energy [35] (Fig. 5) . Two currently known C1-specific LPMO structures (NcLPMO9F and TtLPMO9E) feature variations of the substrate-binding residues within the surface loop regions (Fig. 4) . For HiLPMO9B and MtLPMO9G, no aromatic residues are located within the L3 loop, but two aromatic residues are observed on the elongated L2 loop exposed on the substratebinding surface (Figs 4 and 5). Additionally, the conserved asparagine residue on the LC loop is replaced by an aspartic acid residue in the structure of HiLP-MO9B. A structural overlay revealed that a tyrosine residue (Tyr20) from HiLPMO9B and a phenylalanine residue (Phe20) from MtLPMO9G are both located within the extended region of the L2 loop and were in a similar position with Tyr28 from the shorter L2 loop of PcLPMO9D. An additional tyrosine residue belonging to the L2 loop (Tyr36 from HiLPMO9B, Tyr35 from MtLPMO9G) is also located on the substratebinding surface in the vicinity of the active-site copper in both structures (Fig. 5 ). More structural variations are observed on the LC loop region; the highly conserved tyrosine residue on the LC loop is replaced by a hydrophilic asparagine residue (Asn209) in the MtLPMO9G structure (Figs 4 and 5). Two acidic residues (Asp205 and Glu210) nearby the LC-loop tyrosine (Tyr207) of HiLPMO9B project toward the aligned cellodextrin chains. MtLPMO9C has only one acidic residue (Asp207), in the position corresponding to Asp205 of HiLPMO9B, while a basic histidine residue (His211) is superimposed with the second acidic residue (Glu210) of HiLPMO9B (Fig. 5 ). In contrast, only polar amino acids (Asn196 and Asn199) are found at the corresponding positions in the PcLPMO9D structure (Fig. 5) . (residues 4-10), b2 (residues 12-15), b4 (residues 70-76), and b7 (residues 135-139), and the second b-sheet consists of b5 (residues 85-91), b6 (residues 106-112), b8 (residues 147-157), and b9 (residues 165-176). The loops that are exposed on the substrate-binding surface are annotated as loop L2 (orange, residues 10-62), L3 (magenta, residues 75-85), L8 (red, residues 113-132), LS (blue, residues 113-132), and LC (yellow, 177-225), according to the nomenclature described in [26] . Remaining loop regions are marked in gray. The symbols g and a represent 3 10 -helices and a-helices, respectively. Active-site residues are shown as green sticks. (B) Coordination geometry of copper-bound active site of HiLPMO9B. The electron density map (blue mesh) of active-site is contoured at 1r.
Surface-binding dynamics of HiLPMO9B
100-ns classical MD simulations of HiLPMO9B in solution or in proximity to a crystalline cellulose fibril were conducted to provide further insight into how this enzyme interacts with the substrate. Seven explicitly solvated enzyme systems were constructed for simulation, including one substrate-free enzyme system and six enzyme-substrate systems. The active site of HiLPMO9B was modeled and simulated to represent the quantum mechanically (QM)-optimized structure and partial atomic charges (Fig. 6A) . The enzymesubstrate systems are referred to as "cases:" Case A corresponds to HiLPMO9B docked 4.2 A above the C4 hydrogen (H4) of the hydrophobic surface of cellulose Ib, as measured from the copper atom ( Fig. 6B and Fig. S1 ); Case B corresponds to HiLP-MO9B docked 4.2 A above H4 and with an offset 3.0 A perpendicularly (parallel to the surface) toward the C1 hydrogen of cellulose Ib (Fig. S1) ; and Case C corresponds to HiLPMO9B docked 7.2 A above the H4 of cellulose Ib (Fig. S1 ). Duplicate-independent simulations of each of these three enzyme-substrate systems were also conducted and are indicated with the prime designation by the case letter (e.g., A', B', and C'). Rationale for simulation case selection and details of model construction are provided in the methods and supplementary materials.
From the simulation trajectories, the root-meansquare deviation (RMSD) of the protein backbone Fig. 4 . Structure-based sequence alignment of LPMOs with different oxidization specificities. Fully conserved residues are shown in white on a red background. Blue frames indicate that more than 70% of the residues are conserved among the aligned sequences. The active-site residues are labeled with blue triangles. The secondary structure information corresponding to HiLPMO9B is marked along the top of the aligned LPMO sequences, where the b symbol refers to beta-sheets, a to alpha-helices, and g to 3 10 -helices. The loop regions located on the substrate-binding surface, loop L2 (orange), L3 (magenta), LS (dark blue), L8 (red), and LC (yellow) are marked by color-coded horizontal bars below the sequence. For the C1-specific HiLPMO9B, the residues proposed to have a significant contribution to substrate binding are marked in green squares. For C1-specific LPMOs, the aromatic residues faced toward the substrate-binding surface are also marked in green squares. The residues of the C1/C4-active LsLPMO9A that were observed to interact with cellopentaose (PDB ID: 5NLS) are highlighted with magenta squares. The residues included in the helical structure on loop L2 of the C1/C4 structures are marked in red box. The figure was prepared using ESPript [44] . The sequences alignment includes HiLPMO9B (PDB ID: 5NNS), MtLPMO9G (PDB ID: 5UFV), PcLPMO9D (PDB ID: 4B5Q), NcLPMO9F (PDB ID: 4QI8), TtLPMO9E (PDB ID: 3EJA), NcLPMO9A (PDB code: 5FOH), NcLPMO9M (PDB ID: 4EIS), TaLPMO9E (PDB ID: 3ZUD), TrLPMO9B (PDB ID: 2VTC), LsLPMO9A (PDB ID: 5ACH), NcLPMO9D (PDB ID: 4EIR), and NcLPMO9C (PDB ID: 4D7U). The regioselectivity of the LPMOs has been determined experimentally in previous studies [1, 5, 12, 21, 25, 29, 34, 38, 45, 46] ; for TrLPMO9B and TtLPMO9E, the regioselectivity has been predicted from the sequence-based categorization [25, 47] .
atoms was determined (Fig. S2) ; the structures used to initiate production simulations were used as the starting point for the comparisons (i.e., the NPT-equilibrated structure for each case) (Doc S2). For each case considered, the RMSD of the LPMO backbone did not deviate more than~1. 2 A from the starting structure, which suggests that no major conformational change occurred when the LPMO was in proximity to the substrate. Comparison of root-mean-square-fluctuation (RMSF) of each residue, a measure of how much a residue fluctuates about the average position, for all six enzyme-substrate cases plus the case with only the enzyme in solution reveals that protein motion was somewhat reduced after binding to cellulose, particularly in the LC loop. RMSF plots for each individual case have been provided in Fig. S3 . The L8 loop (Thr159-Gln165) that connects b8 and b9 and is part of the putative binding surface also exhibited significant reduction in RMSF in all six cases. We noted that the overall active site conformation was maintained, relative to the QM -optimized conformation, during all MD simulations (Fig. S4) .
The flat aromatic surfaces of tyrosine residues on both sides of the LPMO active site have previously been shown to be critical for binding cellulose substrates on the hydrophobic face of the molecule [35] . Three such Tyr residues in the HiLPMO9B structure (Tyr20, Tyr36, and Tyr207) remain in close contact with the substrate (Movies S1-S6). In simulation cases B and C', the LPMO reached an equilibrium orientation over the crystalline cellulose substrate (Movie S2 and S6), moving closer to the C1 of the glycosidic linkage from the initial positions (i.e., slightly removed from the surface). In these two cases, the three tyrosine residues aligned with the same cellulose chain for nearly the entire 100-ns simulation, with the active site oriented just above the glycosidic linkage, which we refer to here as the equilibrated binding mode (Fig. 7 , Table 2 ).
The freedom to rotate and translate over the substrate in the simulations played an important role in understanding the surface-binding dynamics of the HiLPMO9B structure. In two of six MD simulations (Cases A' and C), the HiLPMO9B-binding surface rotated freely such that the tyrosine residues, while interacting with the substrate, moved to chains other than the cellulose chain targeted by the active site; we Close-up view of the substrate-binding surface after a structural superposition (aligned based on secondary structural conformation) of the HiLPMO9B (green) and MtLPMO9G (dark purple) structures, with the PcLPMO9D (cyan) structure docked on the surface of cellodextrin chains of the cellulose Ib microfibril, as described in a previous study [35] . refer to this LPMO orientation above the substrate as the rotated binding mode (Fig. 7 , Table 2 ). For the first 80 ns of Case A, the LPMO occupied neither the equilibrated nor the rotated binding modes but, rather, was 'searching' for an equilibrated state above the substrate. In the last 20 ns of simulation Case A, Tyr20 and Tyr207 eventually oriented over the middle chain to occupy the equilibrated binding mode, similar to the equilibrium orientation observed in Cases B and C' (Movie S1). In Cases A' and C, after~35-40-ns of 'searching,' Tyr20 and Tyr207 stacked with two adjacent edge chains for the last 60-ns simulations, and the active site was oriented above the middle chain of the cellulose microfibril (Fig. 7) . HiLPMO9B rotated clockwise~30˚from the equilibrium position on the cellulose microfibril in both cases A' and C (Table 2) . After the rotation in Case C, HiLPMO9B stabilized over the cellulose surface such that the active site was closer to the glycosidic linkage relative to the equilibrated binding mode (Movie S3). However, in Case A', HiLPMO9B never fully occupied either the equilibrated or rotated binding mode over the substrate; rather, the period of translation was followed by a semirotated/searching state, where the Cu-H1 distance was somewhat higher than in the rotated binding mode (Fig. S5, Movie S4) . In Case B', HiLPMO9B translated over the cellulose slab above the same middle chain, finding an adjacent glycosidic linkage; after translation, HiLPMO9B maintained its position in the equilibrated binding mode for approximately 40 ns before desorbing from the microfibril (Movie S5).
Primary interactions of the protein-binding platform with cellulose
The frequency with which each residue of the protein interacted with cellulose was evaluated from the simulations (Fig. 8) . The frequency was determined as the fraction of simulation frames (i.e., a snapshot in time) in which any glucose residue was within 10 A of a protein residue, where the distance was calculated based on the center of geometry of a residue. From this, we observe that approximately seven short stretches of the protein sequence interacted with the surface regularly, including residues 1-2, 8-22, 34-40, 76-82, 120-122, 159-165, and 205-211. In the rotated binding mode, the same protein-substrate contacts were formed, albeit with lower frequency (Fig. 8) . These data provide a preliminary picture, in lieu of an available ligand-bound structure, of how HiLPMO9B binds and attacks crystalline cellulose substrates.
In addition to the aromatic residues Tyr20 and Tyr207, the HiLPMO9B surface appeared to utilize acidic amino acids for binding the crystalline cellulose surface, which is in contrast to carbohydrate-binding modules that primarily utilize aromatic residues for binding to the substrate [48] . This is quantitatively illustrated by the favorable interaction energy of these residues with the cellulose surface (Table S1 ). Specifically, Glu210 and Asp205, situated around Tyr207 on the LC loop, contributed substantially to the favorable noncovalent interaction of HiLPMO9B with cellulose in all cases (Table S1 ). The side chains of these two acidic residues pointed toward the substrate to engage in hydrogen bonding with C6-hydroxyl groups. The side chain carboxyl group of Glu210 interacted with the hydrogen of the C6-hydroxyl group of a glucose moiety (Fig. 9A) . The hydrogen bonding between Asp205 and the C6-hydroxyl groups of the substrate was often mediated by a water molecule (Fig. 9B) .
Active site geometry reflects C1 specificity
The MD simulation results suggest that HiLPMO9B preferentially resides over cellulose with the Cu(II) ion over a glycosidic linkage, but skewed toward the C1 carbon in both equilibrated and rotated mode. The distance between the Cu(II) ion and glycosidic C1-hydrogen was~5.0 A in the equilibrium-binding mode ( Fig. 10A ), which was observed over the entire 100-ns simulations in Case B and C', the last 20 ns of Case A, and from 20 ns to 60 ns in Case B' (Fig. S5) , while the C4-hydrogen was located~6.0 A from the Cu(II) ion. The Cu ion was located somewhat closer (~4.7 A) to H1 in the rotated binding position, as in Case C (Fig. 10B and Fig. S5) , and, accordingly, the distance between Cu(II) and H4 also was shorter (~5. 4 A). Throughout all MD simulations, two water molecules (Fig. 10, Wat2 and Wat3), in addition to the crystallographic water harmonically restrained to the copper in Cases A, B, and C (Fig. 10, Wat1) , were observed occupying positions around the Cu ion (see Supporting Information regarding discussion of molecular mechanical modeling of the active site; Cases A', B', and C' were free from active site restraints). One of the two water molecules, Wat2, was situated on the axial corner of the copper's distorted octahedron coordination, a position not exactly between the Cu(II) and H1 atoms. Rather, the Wat2 water was at an angle such that its average distance from Cu(II) and H1 in the putative equilibrated binding mode was around 3.5
A from each (Fig. 10A, left panel) , and in the putative rotated mode, the water was much closer to H1 (Fig. 10B) . A single water molecule did not occupy this position; instead, multiple water molecules replaced each other in the axial corner position over time (Movie S7). Additionally, simulations with unbiased active site dynamics closely resembled the active site of the oxidative mechanism of polysaccharide hydroxylation by fungal LPMOs [49] , where three water molecules form the Cu coordination sphere.
Discussion
Extensive characterization studies of LPMOs encoded in fungal genomes have revealed that AA9 LPMOs vary in oxidization preference and secondary structure of the substrate-binding surface [18, 19, 26, 27] , which has attracted extensive research efforts to unveil structural insights into substrate recognition and catalytic mechanism of LPMOs [5, [32] [33] [34] 49] . Adding to the current knowledge of the substrate interaction of C1-specific LPMOs, we propose new insights and hypotheses for binding motifs and for the C1-specificity of HiLPMO9B.
Binding insights
The C1-specific HiLPMO9B appears to dynamically interact with the surface chains of cellulose Ib in at least two stable 'binding modes,' as observed from MD simulations; the interactions were mediated by not only hydrophobic residues but also acidic residues. Previous C1-specific PcLPMO9D simulations over a cellulose Ib microfibril indicated two tyrosine residues from the L2 loop (Tyr28) and the LC loop (Tyr198) were aligned over the cellulose 'middle' chain and a third tyrosine residue from the L3 loop (Tyr75) stacked over the 'edge' chain ( Fig. 5 ) [35] . Irrespective of initial position relative to the cellulose surface, PcLPMO9D occupied the same binding orientation after equilibration. In contrast, HiLPMO9B has no tyrosine on loop L3, and the three tyrosine residues located on the surface are aligned along the same axis across the active-site copper (Fig. 5) . In the two HiLP-MO9B-binding scenarios observed in our MD simulations, the three tyrosine residues were either aligned over the same cellulose chain or over three adjacent cellulose chains (Fig. 7) . The contribution to substrate binding from each of the three surface tyrosine residues of PcLPMO9D was similar, with interaction energies ranging from À9.5 to À11.9 kcalÁmol À1 [35] .
However, in HiLPMO9B simulations, the contributions from Tyr20 (À8.3 to À14.8 kcalÁmol
À1
) and Tyr207 (À6.3 to À9.4 kcalÁmol À1 ) were greater than that of Tyr36 (À2.1 to À5.9 kcalÁmol À1 ) ( Table S1 ). Tyr20 and Tyr207 from HiLPMO9B show good structural alignment with the corresponding tyrosine residues of the PcLPMO9D structure on the L2 and LC loop, respectively (Fig. 5) . This is suggestive of a link between the increased flexibility of HiLPMO9B in substrate-binding poses and the variation in distribution of surface-exposed hydrophobic residues over the surface loop regions, including the lack of a surface tyrosine residue on the L3 [35] .
In addition to the aromatic residues, two acidic residues around the HiLPMO9B LC-loop tyrosine (Tyr207) appear to substantially participate in substrate binding (Table S1 ), which has not yet been observed in similar C1-specific LPMOs. Specifically, Glu210 showed a contribution equivalent to Tyr207, while Asp205 contributed the most of all binding residues in Cases A and A' and to a lesser extent in the other cases (Table S1 ). Unlike HiLPMO9B, PcLPMO9D has two asparagine residues (Asn196 and Asn199) around the LC-loop tyrosine (Tyr198). Only Asn199 (À5 kcalÁmol À1 ) was shown to be involved the PcLPMO9D-cellulose interaction, although this residue contributed less to substrate binding than tyrosine residues (À9 kcalÁmol
) [35] .
Among the solved C1-specific LPMO structures [29, 35, 36] , MtLPMO9G is most similar to HiLPMO9B at the secondary structure. Both possess an extended L2 loop with two aromatic, surface-exposed residues and are devoid of the conserved tyrosine residue on loop L3 (Fig. 4B) . MtLPMO9G also lacks the highly conserved surface-exposed tyrosine of the LC loop (Fig. 5) . Taken together, these structural features suggest that the extension of loop L2, with multiple surface-exposed hydrophobic residues, is important for substrate binding in certain C1-specific LPMOs. The LC loop is likely to participate in other types of interactions (e.g., hydrogen bonding) to compensate for the absences of the conserved tyrosine residue. Among existing C1-specific LPMO structures, surface-exposed acidic acids on loop LC have only been observed in HiLPMO9B and MtLPMO9G (Fig. 5) , suggestive of an evolutionary adaptation of C1-specific LPMO substrate binding [35] .
C1 oxidation specificity
The distances between the active-site Cu and hydrogen atoms on C1 or C4 carbons of cellulose are hypothesized to influence the preference of LPMO oxidization at C1 or C4. This hypothesis is supported by the known regioselectivity and observations [5, 34] . Previous crystallographic studies showed that the active-site copper of LsLPMO9A was oriented closer to the C4 carbon of a G3, G5, or G6 ligand [5, 34] , reflective of the proposed molecular-level mechanism for strict C4 oxidization of soluble cello-oligosaccharides [34] . In each simulation case, the HiLPMO9B Cu consistently remained positioned closer to the hydrogen atom of the C1 carbon than the C4 hydrogen of the glycosidic linkage following equilibration. The observed simulation active-site dynamics provide key insights toward understanding the biochemically observed strict preference of HiLPMO9B for C1 cellulose oxidization. The redox cycle of the LPMO active-site copper is proposed to start with the formation of a Cu(II)-superoxyl, through the integration of either an oxygen molecule or a superoxide ion to the starting state Cu (I) [23, 49, 50] . The position of the LPMO over cellulose is thought to have a major impact on the selectivity of the oxidation site [34, 49] . Several scenarios have emerged from the available LPMO structures determined in complex with ligands mimicking O 2 molecules or superoxide ions [5, 34, 38, 42] . In the C1/C4-active NcLPMO9M structure, a peroxide ion was bound at the axial position of the copper coordination plane within 3.3 A from the copper atom [38] . A recent study used crystallographic approaches to reveal the binding process of reactive oxygen species by C4-specific NcLPMO9D in the absence of substrate. It showed that the water at the equatorial corner of the copper coordination plane was replaced by molecular oxygen, leading to the formation of a Cu(II)-superoxide intermediate [42] . Similarly, a chloride ion, as a mimic of a negatively charged dioxygen species, was found to mediate substrate binding when the C4-specific LsLPMO9A was cocrystalized with a variety of oligosaccharides. Chloride ions were found occupying the equatorial corner of the Cu active site of this protein in contact with the hydroxyl groups of the substrates containing b-1,4-glycosidic linkages [5, 34] . Unfortunately, no available crystallographic data have been captured with an analog for O 2 or superoxide ligand bound to C1-specific LPMO structures for comparison. Based on our simulation results, we hypothesize that the exposed axial side of the Cu coordination plane is more structurally favorable for binding reactive oxygen species by the C1-specific HiLPMO9B. This hypothesis is further supported by a previous study in which density functional calculations of the C1/C4-active TaLPMO9A substrate interactions showed that the water molecule located on the axial side of the Cu coordination plane was orientated closer to the H1 of the potential cleavage site than the water molecule occupying the horizontal corner [49] .
In conclusion, we report the first crystal structure the C1-specific HiLPMO9B and, from molecular simulation, identified two putative-binding scenarios by which the enzyme dynamically interacts with cellulose. The multiple substrate-binding modes of HiLPMO9B appear to correlate with the lack of surface aromatic residue on loop L3. The acidic residues on loop LC seem to have an equally important contribution to substrate binding as the aromatic residues on the surface loop regions, forming hydrogen bonds with the hydroxyl group of the C6 carbon of glucose. Considerable contribution to substrate binding is attributed to the aromatic residues located on the extended region of loop L2, indicating the functional relevance of this extension occurring in certain solved C1-specific LPMO structures. Our results strengthen the understanding of LPMO structure-function relationships by expanding the limited number of available structures and broadening our view of C1-specific LPMO-insoluble substrate interactions.
Materials and methods

Molecular cloning
An isolate of Heterobasidion irregulare strain TC 32-1 was kindly provided by the research group of Jan Stenlid (Swedish University of Agricultural Sciences, Sweden). The cDNA fragment encoding the putative HiLPMO9B formed to generate the backbone vector of pPICZaA plasmid (Invitrogen, Carlsbad, CA, USA) without the a-factor signal sequence. The HiLPMO9B gene fragment was ligated into the pPICZaA backbone vector using T4 ligase. The resulting construct was linearized through digestion with BamHI and then used to transform into P. pastoris strain KM71H (Invitrogen, Carlsbad, CA, USA) by electroporation. Successful transformants were identified following the procedure described in EasySelect TM Pichia expression kit (Invitrogen, Carlsbad, CA, USA).
Protein expression
HiLPMO9B was produced in a 3 L bioreactor (Belach Bioteknik AB, Solna, Sweden) according to the Invitrogen Pichia fermentation process guidelines. The initial fermentation volume was 0.9 L of sterilized fermentation basal salts medium at a pH of 5.0, adjusted with 28% (w/v) ammonium hydroxide. After supplementation of the starting medium with 0.1 mM CuSO 4 and 4.35 mLÁL À1 PTM1
trace salts, the fermentation was initiated by inoculating with 100 mL preculture that was grown in BMGY (Buffered Minimal Glycerol medium) overnight at 30°C and 180 r.p.m. The completion of the glycerol batch phase (30 h) was indicated by an increase in dissolved oxygen (DO). The temperature was then gradually decreased from 28 to 25°C, and a mixed feeding of glycerol (50% w/v glycerol containing 12 mL PTM1 trace salts per L) and methanol (100% methanol with 12 mL PTM 1 trace salts per L) was initiated to adapt the cell culture to methanol. After approximately 8 h, the mixed feeding was switched to 100% methanol, and the induction phase lasted for 4 days. Throughout the fermentation process, the feed rate was adjusted such that the DO did not fall below 20%.
Protein purification
The supernatant was collected by centrifugation at 3000 9 g for 30 min and was filtered sequentially through 0.45 and 0.2 lm polyethersulfone (PES) filters (Millipore, Billerica, MA, USA). Ammonium sulfate was added to the culture to a final concentration of 3.5 M, and the mixture was stirred for 1 h. The precipitate was collected by centrifugation at 8500 g for 20 min, resuspended in 20 mM BisTris, pH 6.0, containing 1 M (NH 4 ) 2 SO 4 , and loaded on a 50 mL Phenyl-Sepharose column (GE Healthcare Biosciences AB, Uppsala, Sweden). The bound proteins were eluted with a reverse linear gradient of 1 M to 0 M (NH 4 ) 2 SO 4 (a total volume 150 mL), and the pooled fractions were desalted and loaded onto a 10-mL Source 30Q column followed by a one-step elution with 0.125 M NaCl. The recovered fractions were desalted and incubated with EndoH at a ratio of 1 : 500 (w/w) for 24 h at room temperature. EndoH from Streptomyces plicatus was a gift from DuPont Industrial Biosciences, a Danisco division (Palo Alto, CA, USA). After buffer exchange to 20 mM Tris-HCl buffer, pH 8.0, the deglycosylated protein sample was applied onto a Source 30Q column and eluted with a linear gradient from 0 to 300 mM NaCl in 20 mM Tris-HCl buffer, pH 8.0. As the final polishing step, size exclusion chromatography was performed using a Superdex 75 column (GE Healthcare Bio-Sciences AB, Sweden) in a running buffer of 20 mM HEPES pH 7.5, 150 mM NaCl. Protein purity was assessed by SDS/PAGE. Protein concentration was estimated by absorption at 280 nm using a theoretical extinction coefficient of 62 130 M À1 Ácm À1 calculated using the ExPASy server [51] .
Enzyme assays and product analysis
Phosphoric acid swollen cellulose (PASC) was prepared from Avicel PH-101 microcrystalline cellulose (SigmaAldrich, Germany) as described by Wood [52] . Enzyme reactions were carried out in a total volume of 200 lL containing 10 mgÁmL À1 reduced PASC, 0.44 lM HiLPMO9B, and 2 mM ascorbic acid in 10 mM sodium acetate, pH 6.5.
Reactions were incubated for 6 h at 50°C in a thermomixer (Eppendorf Comfort Thermomixer with a thermostated lid) at 1000 r.p.m. Samples were heat inactivated at 98°C for 5 min. After centrifugation at 13 300 g for 5 min, the supernatant was directly analyzed by high-performance anion exchange chromatography (HPAEC) and matrix-assisted laser desorption/ionization mass spectrometry (MALDI ToF MS) according to established methods [1] .
Crystallization and structure determination
For crystallization, purified HiLPMO9B sample was concentrated to 10 mgÁmL À1 in 20 mM HEPES pH 7.5. Crystallization conditions were tested with a set of commercially available crystallization solutions (Hampton Research) using an in-house robotic facility (Mosquito crystallization robot, TTP Labtech, UK). Plate-like crystals of HiLPMO9B were obtained using the sitting drop vapordiffusion method in a crystallization solution containing 22% (w/v) sodium polyacrylate acid, 0.02 M MgCl 2, and 0.1 M HEPES pH 7.5.at room temperature. Prior to data collection, crystals were soaked in mother liquor supplemented with 25% (v/v) glycerol for cryoprotection and subsequently frozen in liquid nitrogen. X-ray data to 2.1 A resolution were collected on beamline I911-3 at MAX-lab (Lund, Sweden) using an X-ray wavelength of 1.00
A. Data were integrated with XDS [53] and scaled and merged using the program Aimless in the CCP4i suite [54] . The HiLP-MO9B structure was solved by molecular replacement using PHASER [55] from the CCP4i suite. The search model was derived from the NcLPMO9M structure [38] (PDB ID: 4EIS) using CHAINSAW [56] . The structure was refined using PHENIX [57] and REFMAC [58] , interspersed with rounds of model building with COOT [59] . For cross validation, 5% of the data were excluded from the refinement for R free calculations [60] . Solvent molecules were added using COOT and inspected manually. The quality of the final model was evaluated using MOLPROBITY [61] . The coordinates and the structure factors have been deposited in the Protein Data Bank (http://www.pdb.org/) with accession number 5NNS. Pymol version 1.6.8 (DeLano Scientific, CA, USA) was used for analysis of the structures and figure preparations.
Computational studies
Molecular dynamic simulations of HiLPMO9B were constructed both with and without a cellulose microfibril as substrate. The partial charges of the HiLPMO9B active site, with a Cu(II) center, were determined from QM calculations, as described in the Supporting Information and in our previous study [49] . The optimized active-site model included the copper ion surrounded by six amino acids (His1, Pro79, His80, His159, Gln165, and Tyr167) and a water molecule (HOH 404) (Fig. 6A) . Harmonic restraints, with a force constant of 10 kcalÁmol À1 / A, were applied to the active site model during classical MD simulations to maintain the QM-optimized geometry in Cases A, B, and C. The CHARMM36 force field was used to model the protein [62, 63] , and the CHARMM36 carbohydrate force field was used for the glycosylation of LPMO and cellulose microfibril [64] [65] [66] . Water was modeled using the modified TIP3P force field [67, 68] . System setup, solvation, energy minimization, heating, and equilibration (500 ps of NPT) were carried out using CHARMM [69] , and data collection simulations of 100 ns in the NVT ensemble were carried out in NAMD [70] . Subsequent to minimization and heating of Cases A', B', and C', the RMSD restraint on the active site atoms was removed such that protein dynamics in the 500 ps of NPT equilibration and 100 ns of data collection were unbiased; as described in the (Doc S1); the active site geometries of these simulations did not substantially deviate from the QM-optimized geometry (Fig. S5) . Detailed description of system preparation, simulation methodology, and the topology and parameters for modeling of the active site are provided in (Doc S3).
In total, seven systems were constructed, one substratefree enzyme system and six enzyme-substrate systems, all explicitly solvated in water. The HiLPMO9B-cellulose systems were constructed such that the putative-binding surface of this enzyme, including the active site, faced the hydrophobic surface of cellulose Ib (Fig. 6B) , as previously described in our study of PcLPMO9D [35] ; cellulose-binding proteins have been shown to preferentially bind to the hydrophobic cellulose Ib surface [71] . The cellulose Ib microfibrils used here were originally developed for a molecular dynamics study of cellulose decrystallization [72] based on the crystal structures determined by Nishiyama, et al. [73] . The diamond-shaped, 36-chain microfibril model was truncated to 12 chains, the upper half of the microfibril, to represent the hydrophobic surface of an idealized model substrate (i.e., no/few crystalline defects, similar in nature to much of microcrystalline cellulose or Avicel).
Each chain in the microfibril was also trimmed in length to 14 glucose units to minimize computational requirements. We note that significant defects or amorphosivity in the cellulose surface (i.e., pretreated biomass or PASC) will naturally impact LPMO-substrate interactions and macroscopic observables; however, meaningful evaluation of all possible LPMO-insoluble substrate interactions is computationally intractable. Moreover, at the length scales examined (< 9 nm/dimension), models will reflect relatively little of the large-scale substrate defects imparted by standard industrial biomass pretreatment. Thus, as with experiment, we examined interactions with a model substrate, from which, we learn how the enzyme generally deconstructs cellulosic biomass. A more extensive comparison of cellulose polymorphs and morphologies has can be found at Payne, et al. [74] .
To examine the effect of starting position relative to the surface on protein-substrate dynamics, the enzyme was placed in three different positions above the surface (Fig. S1 ), where the copper atom was (A) 4.2 A above the pyranose C4 hydrogen (H4) in case A, (B) 4.2 A above H4 and 3.0 A perpendicularly offset (parallel to the cellulose surface) toward the C1 hydrogen, and (C) 7.2 A above H4. The position of HiLPMO9B above or relative to the surface was not restricted by restraining forces so that the enzyme would have complete translational and rotational freedom above the surface. These same three systems were duplicated using different initial velocities. These latter simulations are denoted as Cases A', B', and C' (Fig. S1 ).
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . The relative starting positions of HiLPMO9B on over the cellulose Ib microfibril illustrated by the positions of Cu. Fig. S2 . RMSD of protein backbone over each simulation trajectory (case marked in the upper left corner of each plot), calculated with respect to starting, NPTequilibrated coordinates of the system. Fig. S3 . RMSF of each protein backbone with respect to average positions over the trajectory for each case of MD simulation. Fig. S4 . RMSD of heavy atoms of the active site model (Cu, His1, Pro79, His80, His159, Gln165, Tyr167, and the crystallographic water molecule) with respect to the QM-optimized configuration over the 100-ns MD simulations. Fig. S5 . Distance between active site copper ion and C1-hydrogen of the nearest glycosidic linkage. BGC is the abbreviation used here for b-D-glucose. Doc. S1. Detailed MD protocol. Doc. S2. Additional MD simulation results. Doc. S3. Topology and parameters for Cu(II) active site in HiLPMO9B. Table S1 . Total interaction energy (van der Waals plus electrostatic contributions) of individual HiLPMO9B residues with cellulose. 
